Iron in amphibole asbestos is implicated in the pathogenicity of inhaled fibers. Evidence includes the observation that iron chelators can suppress fiber-induced tissue damage. This is believed to occur via the diminished production of fiber-associated reactive oxygen species. The purpose of this study was to explore possible mechanisms for the reduction of fiber toxicity by iron chelator treatments. We studied changes in the amount and the oxidation states of bulk and surface iron in crocidolite and amosite asbestos that were treated with iron-chelating desferrioxamine, ferrozine, sodium ascorbate, and phosphate buffer solutions. The results have been compared with the ability of the fibers to produce free radicals and decompose hydrogen peroxide in a cellfree system in vitro. We found that chelators can affect the amount of iron at the surface of the asbestos fibers and its valence, and that they can modify the chemical reactivity of these surfaces. However, we found no obvious or direct correlations between fiber reactivity and the amount of iron removed, the amount of iron at the fiber surface, or the oxidation state of surface iron. Our results suggest that surface Fe3+ ions may play a role in fiber-related carboxylate radical formation, and that desferrioxamine and phosphate groups detected at treated fiber surfaces may play a role in diminishing and enhancing, respectively, fiber redox activity. It is proposed that iron mobility in the silicate structure may play a larger role in the chemical reactivity of asbestos than previously assumed. Environ Health Perspect 1 05(Suppl 5):1 021-1030 (1997) 
Introduction
Iron in inhaled inorganic particulates may the latter might also originate as iron contribute to, or be the direct cause of, redeposited from solution or endogenous the pathogenicity of inhaled dusts and sources (1) (2) (3) (4) (5) (6) (7) (8) . Many in vivo and in vitro fibers. Both iron mobilized from the partic-investigations point to the crucial role ulate and iron at the surface are implicated; played by free radicals and active oxygen species in causing asbestos-mediated tissue damage (9) (10) (11) (12) (13) (14) . The highly reactive hydroxyl radical (OH) has been invoked in many of these processes. Asbestos fibers can catalyze the production of free radicals, including hydroxyl radicals, in cell-free systems (15) (16) (17) (18) , in cell culture (14, 19) , and in vivo (12) .
Asbestos-related free radical production, as well as biological damage, can be suppressed or inhibited by iron chelators, such as desferrioxamine and ferrozine, both when present in the test system and when used to pretreat fibers (17, (20) (21) (22) (23) (24) . On the other hand, other chelators such as ascorbate enhance free radical production (25) . Chelators may remove iron from asbestos, alter iron valence states via oxidation or reduction, or remain bound at surface iron sites, thus preventing the participation of iron in redox reactions (15, 26) or altering the overall redox potential of the asbestos fibers. In addition, chelators may stabilize iron that is released into the surrounding medium and thereby alter the dissolution kinetics. The mechanisms involved in the suppression of free radical production by iron chelator treatments have not been clearly elucidated. These mechanisms are key to understanding the specific role of iron and iron-catalyzed reactions in asbestos toxicity.
Much attention has been focused on the role of asbestos-associated iron in the production of hydroxyl radicals from H202 via catalytic Fenton and Haber-Weiss type reactions (15, 17, 22, 27, 28) . Hydroxyl radicals are produced by the reduction of H202 by Fe2+ in the Fenton reaction, and by the reaction of H202 with superoxide anion (02-) during the reduction of Fe3+ in the iron-catalyzed Haber-Weiss reaction. Another free radical of interest is the carboxylate radical (CO2-1), which is formed from the abstraction of hydrogen from formate ions (HCO2y') on contact with the solid (17) . Recent reviews by Hardy and Aust (29) and Fubini and Mollo (6) Mossbauer Spectroscopy. Characterization of the bulk iron in chelator-treated and nontreated asbestos fibers was performed by MS. The fibers were mixed with boron nitride and loosely packed into a metallic ring. In the transmission measurements, the angle between the normal of the absorber plane and the y-direction was held at 54.7°, thus no texture effects were seen in the spectra (35 In the P-OH test, the protocol is similar to that of the F-C test, but because of the lower DMPO adduct stability, incubation times are shorter. In this case, 45 mg of fibers was placed into 2 ml solution consisting of 0.5 ml 0.5 M phosphate buffer (pH 7.4), 0.5 ml 30% H202 (diluted 1:50 in phosphate buffer), and 1 ml 0.05 M DMPO. The EPR spectrum was recorded after 30 min incubation. The spectrum shows four lines with intensity ratios 1:2:2: 1, splitting constants aN = aH = 149.9 G, and -value = 2054.
Because of an intrinsic variability from one DMPO preparation to another, blanks were performed in each set of experiments. Blanks were run with solution only (no asbestos fibers) and showed no radical formation. The intensity of the spectra was reported in arbitrary units calculated by dividing the height of the signal (in millimeters x 100) by the receiver gain.
Hydrogen Peroxide Decomposition. The percentage of H202 decomposed after 300 min incubation (370C, shaken in dark reactor) of 50 mg treated or nontreated fibers with an H202 solution (1 ml 0.1 M H202 + 30 ml distilled H20) was determined by measuring the residual amount of H202 in 100 pl filtered suspension (17) . Hydrogen peroxide was measured using an enzymatic assay whereby peroxidase catalyzes the oxidation of leuco crystal violet by H202 via the method described by Mottola et al. (36) .
Results

Iron Mobilizaiion by Chelators
The total amount of iron mobilized from asbestos fibers into the chelator solutions was calculated on the basis of fiber weight or fiber surface and is shown in Figure IA and B, respectively. Based on the theoretical composition and molecular weight of crocidolite and amosite, it was estimated that the amount of iron removed from the fibers due to chelator treatments was on the order of 1 to 5 at% of the total iron present in the fibers. The least amount of iron mobilized was found for the phosphate buffer solution. All other chelators mobilized between 2 to 4 times more iron, depending on whether iron removal is compared on the basis of weight versus surface area. (37) . In addition to the two doublets, there was also diffuse, broad absorption (not fitted, estimated to be a few percent of total signal) in the velocity range of 1.0 to 1.9 mm/sec ( Figure 2A ). Signal intensity in this range was not affected by chelator treatments. This signal may emanate from iron close to or at the fiber surfaces, or from iron within the fibers in poorly defined locations.
The MS spectra of amosite ( Figure 2B ), also measured at room temperature, were fitted by two Fe2+ doublets with CS and QS as indicated in Table 1 , again with a variation of approximately±0.01 mm/sec between the samples. These two doublets were assigned to iron in the MI, M2, and M3, and M4 crystallographic sites, respectively, as in earlier assignments (32) . There was also a weak, nonfitted absorption in the interval 0.7 to 1.5 mm/sec that was not affected by the different chelator treatments.
Based on the results from Table 1 , amosite was found to contain only Fe2+, whereas crocidolite consisted of approximately 59 at% Fe2+ and 41 at% Fe3+. Chelator treatments did not significantly affect bulk ferrous to ferric ratios.
Surface Compositionm The primary elemental constituents detected by XPS at the surface (i.e., within approximately the top 10 atomic layers) of both treated and nontreated crocidolite and amosite fibers include 0 (= 40-50 at%), C (= 12-30 at%), Si (=7-21 at%), and Fe ("4-14 at%). Mg content of amosite surfaces (= 1-3 at%) was greater than crocidolite surfaces (typically < 1 at%), as can be expected from theoretical bulk compositions. Similarly, no Na was found on amosite surfaces, whereas 1 to 2 at% was detected on crocidolite. Low levels (typically < 1 at%) of Ca, N, P, and K were also detected.
The amount of iron detected at the surface of the fibers as a function of chelator treatments is shown in Figure 3 . The iron content has been normalized by the silicon content in order to preclude artifacts that might arise from compositional variations in other elements when samples are Figure 4A for a spectrum obtained from nontreated crocidolite. (Details on the specific curve fitting procedure used can be found in Gold et al., in preparation.) Only Fe2+ and Fe3+ oxidation states were detected. Distinct differences in the Fe 2P3/2 peak shapes of nontreated crocidolite and amosite were observed (spectra not shown). These differences were expressed in the curve-fitting results shown in Figure 4B .
The most significant observation was that, despite the differing compositions of bulk iron between the two asbestos types, the majority of iron at all surfaces was in the Fe3+ state. There was on average approximately 5 at% more Fe2+ on nontreated amosite than crocidolite. This difference could be expected considering differences in Fe2+ content of their bulk compositions. It is surprising that not all surface iron is oxidized to the Fe3+ state, considering that these UICC samples were prepared almost 30 years ago and have been stored in air ever since (33) . An average increase of 6 to 10 at% Fe2+ content was measured on chelatortreated amosite surfaces. There was a slight increase in Fe2+ on some ascorbate-treated crocidolite samples, but due to the large spread in the data, this increase was not statistically significant. The other chelator treatments did not alter the Fe2+ content of crocidolite surfaces.
Evidence of Adsorbed Chelators. Certain elements present in low quantities (< 1 at%) on the original asbestos were observed in larger quantities at the surface of chelator-treated fibers. The most significant findings include elevated levels of nitrogen on desferrioxamine-treated amosite and crocidolite, as can be seen in Figure 5 . Although the levels are low and fall around 2 at%, they are significantly greater than the levels of nitrogen detected on all other surfaces, which fall around our estimated value for the detection limit of nitrogen on these surfaces ( Additional evidence for desferrioxamine binding was found in the intensity and the binding energy position of the carbon Is photoelectron peak. Specific differences were noted in the high-binding energy peak that typically appears as a shoulder in the C Is spectra. The highbinding energy C Is peak on crocidolite and amosite surfaces exposed to desferrioxamine was shifted by approximately 3.5 eV with respect to the main saturated hydrocarbon peak (= 285.6 eV), whereas on all other surfaces the shift was on average approximately 4.4 eV (crocidolite) or approximately 4.1 eV (amosite). In addition, the intensity of this high-binding energy C Is peak tended to be higher on desferrioxamine-treated surfaces than on all other surfaces (data not shown).
Similar indications of phosphate bound to phosphate buffer-treated surfaces were observed by XPS analysis. Average concentrations of 0.8 to 1.2 at% phosphorus (as phosphate) and potassium were detected on phosphate buffer-treated surfaces, but were at or below the estimated detection limit for these elements (= 0.5 at%) on all other surfaces. Although these signals are small, with a wide spread in the data, we believe that this is evidence that phosphate remains adsorbed to phosphate buffer-treated fibers.
RedoxActiity ofAsbestos
Results from EPR spin trapping measurements, which detected the release of carboxylate (F-C test) and hydroxyl (P-OH test) free radicals are shown in Figure 6A and B and Figure 6C and D, respectively. It should be noted that the EPR signals have overall low intensities that are at or near detection levels. In fact, production of 'OH on nontreated amosite surfaces was below the detection limit. Low signal intensities are unavoidable, as both fibers are quite unreactive unless they are grounded. Nontreated crocidolite has slightly greater activity in both tests and generates more free radicals than amosite, but this could be an effect of the greater surface area for crocidolite.
Variations in free radical release potential following chelator treatments were observed on crocidolite and amosite for most chelators. All chelator treatments eliminated or reduced fiber reactivity in the F-C test ( Figure 6A, B) . This effect was most dramatic with amosite fibers (Figure 6A Phosphate buffer Phosphate buffer Figure 6 . Free radical release from amphibole asbestos showing the effect of chelator treatments on the potential for free radical release. EPR spectra of the DMPO-C02-adduct collected during the F-C test are shown for (A) amosite and (B) crocidolite. EPR spectra of the DMPO-OH adduct collected during the P-OH test are shown for (C) amosite and (D) crocidolite. The intensity of the EPR peak is proportional to the number of free radicals trapped. Abbreviations: I, intensity (arbitrary units); ND, nondetectable in the experimental conditions used. nated with all chelator treatments. However, only ascorbate was able to eliminate CO2-generation by crocidolite ( Figure 6B) .
Interesting results were obtained in the P-OH test (Figure 6C, D) . Although OH was not generated by nontreated amosite fibers, incubation in phosphate buffer stimulated fiber activity to a level whereby DMPO-OH' could be detected ( Figure 6C) . Similarly, enhancement of the phosphate buffer was observed with crocidolite; the EPR signal increased 3-fold over nontreated fibers ( Figure 6D) . Surprisingly, ferrozine also caused an increase in 'OH activity for crocidolite fibers. Desferrioxamine eliminated all 'OH release from crocidolite as expected; ascorbate caused no change in fiber activity.
Indication of the catalytic activity of asbestos fibers in the decomposition reaction of H202 was assessed by following the consumption of H202 in aqueous fiber suspensions. The results for nontreated and chelator-treated fibers are shown in Figure  7A for crocidolite and Figure 7B for amosite. The H202 catalytic activity of both fiber types is decreased after chelator treatments, with the exception of ascorbate-treated amosite. Ferrozine treatments have the greatest reduction of fiber activity; desferrioxamine and phosphate buffer reduce the activity ofboth fibers by approximately one-half.
Discussion
Iron Mobilizaton by Chelator Treatments Chelator treatments are responsible for the mobilization of iron from crocidolite and amosite: in the absence of chelators, no iron is removed from these fibers. As shown in Figure 1A , all chelators used in this study except ferrozine mobilized more iron from crocidolite than amosite fibers when compared on the basis of fiber (25) . The general trend in iron release for different chelator solutions is in agreement with the literature after consideration of differences in incubation conditions (e.g., fiber and chelator concentrations, chelator solvent, pH, temperature, and time) (8, 17, 25, 34) .
Our estimation of the amount of iron removed during chelator treatments is on the order of 1 to 5 at% of the total iron present in the fibers. When the amount of iron removed per unit surface area, the number of unit cells per unit surface area, and the number of iron ions within each unit cell are considered, the iron removed from these asbestos fibers could have originated within one to a few unit cell layers below the surface. This estimation depends on how many iron ions were removed from each unit cell (assumed 50-100%). The depth of the surface modified region observed on desferrioxamine-treated crocidolite and amosite fibers by Mollo et al. (25) , measured by high resolution transmission electron microscopy (HRTEM), was on the order of 2 to 10 nm. Hence, this surface modified region could represent the depletion of iron, and possibly other M-site cations, from one to a few unit cell layers below the surface.
Iron Assodated with Asbestos Fibers after Chelator Treatments
Chelator treatments did not affect the relative concentrations or lattice positions of Fe2+ and Fe3+ ions in the bulk of crocidolite and amosite fibers. Our average measurement of 59% of the total iron in crocidolite in the Fe2+ valence state is in agreement with expectations based on the theoretical composition (= 55%). However, Pollak et al. (37) measured an Fe2+ concentration of only 46% on UICC crocidolite by MS. The reason for this disagreement is most likely due to their use of an extra doublet in the curvefitting procedure around ±1 mm/sec in the MS spectra, which was assigned to Fe3+ in the MI lattice site. We could not fit an additional doublet in this region, perhaps due to a better signal-to-noise ratio in our data. We believe that iron contributing to the MS spectrum in this region probably resides at the surface of the fibers or in poorly defined lattice sites, or possibly originates from a highly mobile iron species, and cannot be clearly identified.
Because of the surface sensitivity of the XPS method, we were able to selectively probe the composition and binding states of elements only on the surface of the fibers. This corresponds to the modified surface region that was observed by Mollo et al. (25) after chelator treatments. It is not surprising that the iron content within the surface region is similar for nontreated crocidolite and amosite fibers, as their total iron contents are also similar to each other. However, the Fe/Si ratio of 0.8 measured in this and other recent studies (Gold et al., unpublished data) is significantly higher than the values of approximately 0.6 that we measured on the same fibers in previous years (31) and that were reported by Werner et al. (8) . Different sample preparation and XPS analysis methods can explain this discrepancy (Gold et al., in preparation). Despite the higher Fe/Si ratio, we are still able to follow relative changes in Fe/Si ratio due to chelator treatments. Because the iron content is measured with respect to the silicon content, it is important to keep in mind that simultaneous and/or faster dissolution ofthe supporting silicate structure will clearly affect measurements of surface iron content by XPS, as postulated by Werner et al. (8) .
Environmental Health Perspectives * Vol 105, Supplement 5 * September 1997 We measured reductions of up to 20 to 30% in relative surface iron content (Fe/Si ratio) on certain chelator-treated crocidolite and amosite fibers that were stored under inert atmosphere and for short time periods (3 weeks-3 months) after treatments. In some cases, the change in actual surface iron content may be larger or smaller due to possible differences between Fe and Si dissolution rates. Since relative surface iron content either decreased or remained unchanged, this is an indication that there is a net loss of iron from the fiber after most chelator treatments. This gives additional support to the daim that the modified region observed on desferrioxamine-treated asbestos surfaces by HRTEM (25) is a surface-depleted zone rather than a deposited surface film.
For ferrozine-and phosphate buffertreated crocidolite, there was no reduction in surface iron content, despite the fact that iron was released into the chelating solutions. One explanation for this is that, in these two cases, iron ion diffusion from the bulk to the surface has occurred. Diffusion probably occurred in all chelator-treated crocidolite fibers and in amosite, but only in these two cases (which had the least iron release of the four chelators) was the initial surface concentration attained by the time of XPS analysis. Another explanation is that there was some reprecipitation of iron from solution to the surface, but not so much as to cause a net increase in surface iron content.
We would like to note here that in our previous studies, ho changes in surface iron content were observed when chelatortreated fibers were allowed to age for long time periods (up to 1 year) in air prior to XPS analysis (31) . It is known that oxygeninduced segregation takes place in metals. This suggests, again, the possibility of iron diffusion through the subsurface lattice at room temperature. (8) and is probably the result of oxidation of surface iron due to exposure to air both before and after chelator treatments. However, because our fibers were stored in an inert atmosphere prior to XPS analysis after chelator treatments, we were still able to detect differences in Fe2+ and Fe3+ concentrations at the fiber surfaces. In our previous studies of chelator-treated fibers stored in air (31) , as in the study by Werner et al. (8) , no significant changes in surface iron oxidation states due to chelator treatments were observed.
Curve fitting of different valence states in the iron photoelectron peak is difficult and questionable due to overlapping multiplet split states for the Fe2+ and Fe3+ ions (31, 38, 39) . However, it can be successfully used to follow changes in peak shapes due to chelator treatments, especially if comparisons with reference spectra are available. We observed significant increases of up to 10% in surface Fe2+ concentrations on chelator-treated amosite and ascorbatetreated crocidolite. We observed significant differences that followed the same trend with more than one curve-fitting routine (data not shown). However XPS analysis has also shown low levels of phosphate adsorbed at phosphate buffertreated fiber surfaces, either as reprecipitated iron phosphates or as surface adsorbed phosphate groups. We propose that this phosphate is associated with the elevated fiber activity observed in the production of 'OH from H202 in the P-OH test.
Catalytic Reactivity ofAsbestos
The measurements of free radical production by asbestos fibers using EPR and the DMPO spin trapping method resulted in low signal intensities, as both crocidolite and amosite produce few radicals unless they are ground (17) . In general, signal intensities were higher from crocidolite than amosite, and it could be argued that this is due to the larger surface area ofcrocidolite.
In the F-C test, it has been proposed that an oxidized surface site is reduced during the reaction [see Fubini et al. (17) ]. In this study, all chelators decreased or eliminated (CO2-) production in the F-C test, as was also reported by Fubini et al. (17) ; this effect was most pronounced on all treated amosite samples and on ascorbatetreated crocidolite. This could be related to the diminished quantity of oxidized iron sites at these surfaces (increased Fe2+ concentration), as measured by XPS analysis, which indicates that Fe3+ is used in the hydrogen extraction reaction with carboxylate. The usual effect of desferrioxamine, i.e., elimination of CO2-release from crocidolite (17), was not observed. This might be due to the fact that, although the relative surface iron content was reduced, the relative amount of Fe3+ ions at the surface was not altered by chelator treatment ( Figure 4B ). Hence, there appears to be some correlation between the relative concentration of Fe3+ ions in the surface region and fiber activity in the F-C test.
In the P-OH test, it has been proposed that a reduced surface site is oxidized and drives the Fenton reduction of H202 to hydroxyl ion and hydroxyl radical (17 to the surface iron content or its oxidation states. The activities found must be ascribed to iron present at the surface when these measurements were performed, assuming that iron is the active constituent of the mineral. We can conclude that fiber activity must be dependent on iron that has attained particular locations at the crystal surface, or surface iron that has bound a chelator molecule (thus exhibiting a different redox potential), or on any iron that might have diffused from the near-surface region to the surface in the elapsed incubation time. Summary
Under our experimental conditions, we estimate that 1 to 5 at% of the total iron contained in asbestos fibers was released into solutions of desferrioxamine, ascorbate, ferrozine, and phosphate buffer; iron mobilization was least in phosphate buffer solutions. There was no apparent correlation between the amount of iron mobilized by chelator treatments and the amount of iron remaining at fiber surfaces, which either decreased or remained unchanged compared to nontreated fibers. Although Most, but not all, chelator treatments reduced the reactivity and catalytic activity of crocidolite and amosite asbestos. However, phosphate buffer treatments enhanced hydroxyl radical production by both crocidolite and amosite, as did ferrozine treatment of crocidolite. The usual effect of desferrioxamine, the elimination of free radical release from crocidolite, was not observed in the case of CO2-generation.
However, the interpretation of the free radical release data may be complicated by low signal intensities.
Our asbestos in addition to mobilizing iron from the fibers. However, we found no direct correlation between the amount of iron removed from fibers and changes in surface iron content (Fe/Si ratio). Observations could be complicated by: a) iron ion diffusion from the bulk to the surface, b) precipitation of iron complexes from the solution, and c) simultaneous dissolution of the supporting silicate structure. The valence state of iron found at chelatortreated fiber surfaces does not reflect the amount of Fe2+ or Fe3+ mobilized into solution, as assumed by the specificity of each chelator for iron in a particular oxidation state. This can be expected because of the reactivity of surface iron with oxygen when exposed to air, although it does not explain all of our observations. We cannot exclude the possibility of iron migration from subsurface layers and the precipitation of iron or iron complexes from the solution. Few correlations were found between free radical release and H202 decomposition activities of iron chelator-treated fibers, and between these quantities and the amount of iron removed, the amount of iron remaining at the surface, and its oxidation state. Interpretations become complicated by adsorbed chelator species: Desferrioxamine and phosphate detected by XPS at fiber surfaces may play a role in diminishing and enhancing, respectively, iron activity in hydroxyl radical production. It is most likely that the catalytic activity of asbestos fibers is governed by several factors, such as iron mobility through the structure and the arrangement of iron ions at the surface, rather than the total quantity of iron at the surface and its oxidation state as analyzed by XPS.
